Local species richness and between-site similarity in species composition of parasitoid wasps (Hymenoptera: Ichneumonidae; Pimplinae and Rhyssinae) were correlated with those of four plant groups (pteridophytes, Melastomataceae, Burseraceae and Arecaceae) in a western Amazonian lowland rain forest mosaic. The mosaic structure of the forest was related to variation in soils within the non-inundated terrain. Significant matrix correlation between patterns in parasitoid wasp species composition and plant species composition was found. Most of the overall correlation was due to idiobiont parasitoids of weakly concealed hosts, which attack host larvae and pupae in exposed situations, with two of the four ecologically defined parasitoid groups showing no correlation at all. A positive correlation between the number of plant species and the number of Pimplinae and Rhyssinae species at a site was found when the latter was corrected for collecting effort. Consequently, the degree of floristic difference between sites may be indicative of the difference in species composition of ichneumonids, and the species richness of plants may serve as a predictor of the species richness of parasitoid wasps. Although these results were obtained in a mosaic including structurally and floristically clearly different types of rain forest, the correlation coefficients were relatively low, and the present results lend only weak support to the idea of using plant distributions as indicators of animal distributions.
INTRODUCTION
What makes the family Ichneumonidae (Hymenoptera) interesting is its enormous size. Townes (1969) estimated that there are about 60 000 species of ichneumonids worldwide, and recently Gauld (2000) increased the estimate to over 100 000 species. Another aspect that has prompted a lot of interest is the anomalous latitudinal species richness gradient in this family; it has been reported to be more species rich in temperate areas than in the tropics (Owen & Owen 1974) .
One of the least studied ichneumonid faunas occurs in the vast Amazonian lowland rain forest area, but during the last few years, the ichneumonid faunas of Peruvian and Colombian Amazonia have been inventoried by 1 Corresponding author. Email: ilari.saaksjarvi@utu.fi Sääksjärvi et al. (2003 Sääksjärvi et al. ( , 2004a and Edgard Palacio (pers. comm.). The results of these studies are in agreement with the findings of Gauld (1991) and Gaston & Gauld (1993) : at least some ichneumonid subfamilies, e.g. Pimplinae and Rhyssinae, show high local species richness in the tropics (Sääksjärvi 2003 , Sääksjärvi et al. 2004b .
Amazonian lowland rain forests are structurally rather homogeneous over wide areas, and only a few forest types have traditionally been distinguished (Encarnación 1985 , Hueck & Seibert 1972 , Prance 1989 . Within the non-inundated areas (tierra firme), an important distinction is that between forests on nutrient-poor quartzitic white sand soils (Anderson 1981 , Encarnación 1985 , and forests on more fine-textured soils. The soils in the non-inundated areas now appear much more heterogeneous than was previously thought, largely due to the complex geological history of the area (e.g. Räsänen et al. 1987 , Salo et al. 1986 ). The non-inundated areas consist of a mosaic of floristically differentiated forest types, where the floristic similarity patterns are highly correlated both between plant groups and with similarity patterns in local edaphic conditions at various spatial scales (Ruokolainen & Tuomisto 1998 , Ruokolainen et al. 1997 , Tuomisto & Ruokolainen 1994 , Tuomisto et al. 1995 , 2003a Vormisto et al. 2000) . Thus, specialization into different edaphic conditions contributes to the high total species richness of plants in Amazonia. An interesting question is whether such specialization is also observable among animals, because these represent higher trophic levels and are, therefore, not directly dependent on local soil conditions. There are several ways in which the patchily distributed plant communities may affect the distribution of parasitoid wasps. Species richness and architectural complexity of the vegetation are expected to increase the number of available niches both for herbivores and their parasitoids (Hawkins 1988) , and variation in these vegetation properties may affect the cues that parasitoids use for host location (Gauld 1991 , Vinson 1976 . There is some experimental evidence that the herbivore-induced volatiles of different plant species may attract different parasitoid species (Godfray 1994) . In addition, many specialized herbivores sequester secondary chemicals from their food plants for protection against predators and parasitoids, which may force the parasitoids to specialize on hosts that feed only on a limited range of (patchily distributed) plant species (Gauld et al. 1992) . Correlation between plant and parasitoid species richness and the patterns in their species compositions would support the idea that such niche differentiation is an important factor in explaining the high diversity of parasitoid wasps in Peruvian Amazonia.
In the present study, we are especially interested in how similar the patterns of species richness and species composition are between pimpline and rhyssine parasitoid wasps and plants that represent different growth forms. The plant groups included in the study are pteridophytes (terrestrial to low-epiphytic herbs), Melastomataceae (mostly shrubs, some vines and small trees), Burseraceae (small to large trees) and Arecaceae (palms). We concentrated the insect study effort on the subfamilies Pimplinae and Rhyssinae because these are relatively well known both biologically and taxonomically. The subfamily Pimplinae is also of particular interest because it is biologically very diverse (see below and Fitton et al. 1988 , Gauld 1991 , Gauld et al. 2002 .
Idiobiont parasitoids incapacitate their hosts during oviposition whereas koinobionts permit their hosts to develop further after oviposition (Askew & Shaw 1986 ). The living conditions experienced by koinobiont parasitoid larvae are considered to be rather demanding because they have to resist the various defences (e.g. immune system) of an active host. Therefore, koinobiontism is often associated with a higher degree of host specialization than idiobiontism (Askew & Shaw 1986 , Gauld 1987 , Hanson & Gauld 1995 . The pimpline and rhyssine species can be allocated to four ecological categories as follows (Gauld 1991): (1) Idiobiont parasitoids of deeply concealed hosts (in our study area all rhyssine species and the pimpline genera of the tribe Ephialtini, Anastelgis and Dolichomitus). These are mainly generalist parasitoids which use their very long ovipositors to attack hosts living deep in dead wood. (2) Idiobiont parasitoids of weakly concealed hosts (Neotheronia, Nomosphecia, Xanthopimpla and Pimpla of the tribe Pimplini and the ephialtine genera Clydonium, Zonopimpla and Amazopimpla; Sääksjärvi et al. 2003) . These are mainly generalist parasitoids with short ovipositors and attack host larvae and pupae in exposed locations. (3) Pseudoparasitoids that feed on egg sacs of spiders or on spiders guarding these (the genus Zaglyptus). (4) Koinobiont parasitoids of adult spiders (Polysphincta, Hymenoepimecis, Acrotaphus, Ticapimpla, Eruga and Zatypota).
The four different ecological categories of parasitoids are expected to vary in their dependence on the species composition and structure of vegetation. The idiobiont parasitoids of weakly concealed hosts may be expected to be most strongly associated with plant species composition, because their hosts consume living plant material that is rich in secondary compounds (leaves, shoots etc.). The other parasitoid groups attack hosts that live either on dead wood or are predators, so their association with plant species composition is expected to be weaker.
Because different groups of organisms have distinct evolutionary histories and ecological requirements, the ideal way to carry out biodiversity inventories would be to study all taxa. However, the high species richness of tropical rain forests makes this impossible. If some groups of organisms can be used as indicators to reveal general faunistic and floristic patterns, this would significantly speed up biodiversity studies and facilitate conservation planning. Our main objective in the present study was to find out if the studied plant groups are useful as indicators of changes in parasitoid species assemblages.
METHODS

Study area
Fieldwork was conducted in the recently established Allpahuayo-Mishana National Reserve in the northern part of Peruvian Amazonia (near the city of Iquitos, between the River Nanay and the Iquitos-Nauta road). The climate in the study area is humid, with mean annual precipitation about 3000 mm, and hot, with average temperature of 26
• C (Marengo 1998) . The environmental conditions of the study area, including geology, soils, climate and vegetation, have been recently described in Kalliola & Flores Paitán (1998) .
The forests near Iquitos are famous for their habitat heterogeneity (Whitney & Alvarez Alonso 1998) . Many different kinds of forests can be distinguished in the area, and these support endemic species (Gentry 1977 , Whitney & Alvarez Alonso 1998 , characteristic plant communities (Tuomisto & Ruokolainen 1994 , Vormisto et al. 2000 , and high numbers of species (Gentry 1988 , Sääksjärvi et al. 2004b ). In flat low-lying areas, soils are often derived from the marine or semi-marine Pebas formation, which yields soils that are clayey in texture, relatively rich in nutrients, and mainly brownish-grey in colour. The soils on hill tops are often composed of socalled white sand, which is of quartzitic mineralogy, very nutrient-poor, and grey to white in colour. Loamy soils of intermediate nutrient contents that are probably derived from old river terraces are also found in the area.
The different soil types support different kinds of forest, which differ in both physiognomy and floristic composition. Forests growing on clayey soils usually have a dense shrub layer and an abundance of large herbs and tree ferns. In contrast, forests growing on white sand soils are characterized by slender trees, less complex canopy structure, and a very sparse shrub layer (Tuomisto & Ruokolainen 1994) . The white sand forests can be further divided into smaller units on the basis of characteristics such as canopy height, soil humidity and peat accumulation (Alvarez & Soini, pers. comm., Encarnación 1985 , Ruokolainen & Tuomisto 1993 .
Field work and species identification
The parasitoid wasps were sampled by Malaise trapping. Sampling of parasitoid wasps was conducted from January 2000 to January 2001 in three locations (at most within some kilometres from each other) which all included similar kinds of forest types. Each location was sampled with five Malaise traps placed in different forest types: two traps were in forests on either clayey or loamy soil, and three in forests on white sand soil with differing soil humidity and canopy height (Appendix 1). Unfortunately, some gathering chambers were stolen or destroyed during the study. In addition, one trap was stolen halfway through the study, and although two new traps were established at nearby locations, only data from the original trap are used in the present study. Total sample size for all 17 malaise traps was 141 trap months, which makes the sample one of the largest ever collected in Amazonia.
Ichneumonids were separated from the samples and identified to subfamilies. All pimplines and rhyssines were identified to genus and sorted to morphospecies mainly on the basis of characters used in Gauld (1991) . A small number of the morphospecies could be referred to named species, but even those that remained unnamed will hereafter be considered as species. The voucher specimens are deposited in the Zoological Museum, University of Turku, Finland. In the future, a part of the vouchers will be moved to the Museo de Historia Natural, Universidad Mayor de San Marcos, Lima, Peru.
Floristic data were collected at each Malaise trap locality using four 5-m-wide and 125-m-long line transects. The starting points of the transects were positioned at the four cardinal points around the edge of the Malaise trap, so that the transects formed a rightangled cross with the trap in the middle. All individuals of pteridophytes, Melastomataceae, Arecaceae and Burseraceae that exceeded a predefined minimum size limit in the transects were identified to species and counted. Burseraceae were counted only within the first 25 m of each transect, because this family was sampled as a part of a separate study and only later combined with the other data. Burseraceae were not inventoried at the site where the Malaise trap had been stolen. Pteridophytes were included if they had at least one leaf longer than 10 cm, Melastomataceae were included if they had at least one post-cotyledon leaf, all palms were included, and Burseraceae were included if their stem diameter exceeded 1 cm. Representative voucher specimens were collected for each species, and all individuals that could not be confidently referred to a species that was already represented by a voucher specimen were also collected. Duplicates of the voucher specimens are deposited in AMAZ, TUR and NY (herbarium acronyms according to Holmgren et al. 1990 ).
Numerical analyses
Distance matrices consisting of pair-wise comparisons of all the Malaise trap localities were constructed using the data on parasitoid wasps and plants separately.
To compute floristic distances between localities, we used the Bray-Curtis coefficient (Legendre & Legendre 1998) , which uses abundance data and reflects differences in the absolute amounts of each plant species between localities. Separate distance matrices were computed for each of the four plant groups, and a fifth distance matrix was computed using all plant groups together to obtain a measure of the overall floristic differences between localities. Number of individuals was used as the measure of abundance. For parasitoid wasps, all data for the entire sampling year were pooled for each Malaise trap. To measure faunistic distances between Malaise traps, the Chord distance (Legendre & Legendre 1998) was used. This coefficient quantifies differences in the relative rather than absolute abundances of species, which was deemed appropriate for wasps because the absolute collecting efficiency of a trap can vary depending on how it is placed in the field. Separate distance matrices were computed for each of the four ecological wasp categories defined above, and a fifth distance matrix was computed using all wasp categories together.
A matrix of geographical distances between localities was computed using GPS coordinates that had been obtained in the field for each locality.
Correlations between floristic and faunistic distance matrices were tested using the Mantel test. To control for spatial autocorrelation, both the floristic and the faunistic distance matrices were first correlated with the geographical distance matrix, and if a significant correlation was detected, a partial Mantel test between the plant and wasp distance matrices was performed to see how much of the correlation between these remained after removing the effect of geographic distances.
Not all ecological categories of parasitoid wasps were found in all Malaise traps (Appendix 1), so when comparing the plant data with these ecological subgroups those study plots were excluded where no wasp specimens were found. Principal co-ordinates analysis (PCoA, Legendre & Legendre 1998 ) was used to illustrate floristic and faunistic similarities between the Malaise trap sites. A separate ordination was produced with each of the ten distance matrices.
The relationship between the number of plant species and the number of ichneumonid species at a site was studied using correlation analysis. For Ichneumonids (but not for plants) it was observed that the number of species found was strongly dependent on the number of individuals captured in a locality. Because the collection efficiency of Malaise traps varies with their exact position in the field (Gauld & Bolton 1988) , we corrected the numbers of species recorded in each trap by regressing the number of species against the number of individuals, and using the residuals of the best regression model. These residuals indicate whether the number of species discovered in a given trap was higher or lower than expected, given the number of individuals caught.
RESULTS
The floristic inventory yielded 171 plant species and 24 803 plant individuals. All plant groups were well represented in the study area (Appendix 1).
The faunistic inventory yielded 76 parasitoid wasp species and 945 specimens. Idiobiont parasitoids of weakly concealed hosts and koinobiont parasitoids of spiders were the most common wasp groups, both in terms of species richness and in terms of the number of individuals in the sample. These groups were found in all Malaise traps. Idiobiont parasitoids of deeply concealed hosts were absent from three traps and pseudoparasitoids of spiders from five traps (Appendix 1).
There was a significant matrix correlation between the overall faunistic and floristic distances (Table 1) . This correlation was mainly due to the behaviour of idiobiont parasitoids of weakly concealed hosts. When this group was correlated separately with the different plant groups, significant matrix correlations were found with Melastomataceae (r = 0.31, P = 0.017) and Arecaceae (r = 0.26, P = 0.023) but not with Burseraceae or pteridophytes. Distances in pseudoparasitoids of spiders also showed a near-significant correlation with floristic distances. Distances in the other two ecological wasp groups did not correlate significantly with floristic distances. Floristic distances between localities showed significant correlation with geographical distance, but distances of no ichneumonid group did. Therefore, it was not considered necessary to perform partial Mantel tests to remove the effect of geographic distances.
The five PCoA ordination diagrams based on floristic distances between the Malaise trap sites show approximately similar patterns, so only the one including all plant groups is shown in Figure 1c . Most of the sites with white sand soils are on the left side of the ordination, the sites with loamy soil are in the upper right corner, and the sites with clayey soils are at the bottom. However, the traps G1 and I1 are situated in the ordination among the loamy soil sites, even though they were meant to sample white sand forest. These sites are situated near the border of loamy soils, and even if the Malaise trap itself was on white sand, the floristic transects may have extended to loamy soil.
The soil gradient is also visible in the ordination diagram that includes all parasitoid wasps (Figure 1a Number of ichneumonid species Figure 2 . The relationship between the number of sampled ichneumonid individuals and the number of species discovered at a locality. The explanative power of three regression models tested to account for the differences in sampling intensity are shown. Symbols indicate the soil type at each locality.
as clearly separated as in the ordination involving plants. Especially the relationships among the white sand sites are different compared to ordinations based on plants. These patterns are clearer in Figure 1b , which shows the ordination for idiobiont parasitoids of weakly concealed hosts. The ordinations based on the other ecologically defined parasitoid wasp groups show much less correspondence with the floristic ordination, which is in accordance with the results of the Mantel tests. There was a clear positive relationship between the number of sampled pimpline and rhyssine individuals and the number of species discovered at a locality (Figure 2 ). This indicates that differences between localities in the number of species observed are to a great degree dependent on the sampling efficiency of the corresponding Malaise trap. However, it is also possible that some sites do, in fact, support more individuals and species than others. To account for differences in sampling intensity, three regression models of number of species on number of individuals were tested, and the square-root model was selected because it gave the best fit to the data (Figure 2) . Corrected species richness values were then obtained by using the residuals of the square-root regression model.
A high degree of variation in the original number of pimpline and rhyssine species was observed, but this was not related to plant species richness or vegetation type in any obvious way (Figure 3a) . The variation in the residual number of parasitoid species, in contrast, revealed some interesting patterns (Figure 3b ). In the localities on clayey and loamy soils, the variation in species richness could Relationship between plant species richness and ichneumonid species richness using the original ichneumonid species richness (a) and using ichneumonid species richness corrected for sampling intensity by using residuals of the square-root model from Figure 2 (b) . Symbols indicate the soil type at each locality.
almost entirely be explained by sampling intensity, and the residual species richness was uniformly high. In the white sand forests, a high degree of variation in species richness remained after sampling efficiency had been accounted for. Very different results on the correlation between plant species richness and pimpline and rhyssine species richness were obtained depending on whether the original species counts or the corrected ones were used in the analysis. When using the original species counts, there was no correlation between plant species richness and ichneumonid species richness (Pearson's r = 0.24, P = 0.38; Figure 3a ). In contrast, there was a significant positive correlation (Pearsons r = 0.57, P = 0.03; Figure 3b) when the corrected values for ichneumonid species richness were used.
DISCUSSION
Species richness and composition
The species richness of parasitoid wasps at a locality was positively associated with that of plants when sampling intensity was accounted for. The evidence that higher plant species richness would result in higher parasitoid species richness is weak, and it is possible that the positive association is actually caused by increased plant functional group richness and architectural complexity at locality (Haddad et al. 2001 , Hawkins 1988 , Siemann et al. 1998 . Because such evidence is, however, obtained from experiments conducted in relatively simple communities in temperate region, we do not want to rule out the possibility that plant species richness directly is positively associated with parasitoid species richness.
Our study area in Peruvian Amazonia is famous for its diversity of both structurally and floristically clearly different lowland rain forest types and we anticipated that many pimpline and rhyssine species might be habitat specialists in the area.
However, the matrix correlations between floristic distances and distances in parasitoid wasp species composition were quite low, although some of them were statistically significant. The most obvious difference between the floristic and faunistic patterns, as judged from the ordination diagrams (Figure 1) , was that the white sand sites seemed floristically relatively similar to each other, but were quite heterogeneous in parasitoid species composition. The number of parasitoid species sampled at a locality was also more heterogeneous on white sand sites than on loamy and clayey soil sites, especially after the data had been corrected for sampling intensity (Figure 3 ). These observations suggest that plant species composition does not affect the distribution of parasitoid wasp species very strongly.
Three sources of error, each of which might blur the relationship between plant and ichneumonid data, should be kept in mind here. That the sampling efficiency of Malaise traps may be strongly influenced by the precise positioning of the trap (Hammond 1992) has already been mentioned. Many species of pimplines and rhyssines are rare (Sääksjärvi et al. 2004b) , so their presence or absence in a trap may be largely a coincidence. Furthermore, ichneumonids are strong fliers, so a Malaise trap may catch individuals that are just passing a forest patch without actually being resident there.
As expected on the basis of their biology, idiobiont parasitoids of weakly concealed hosts emerged as the wasp group that showed the clearest relationship with the floristic patterns (Table 1, Figure 1 ). In the study area, this ecological group is by far the most abundant of all the pimplines and rhyssines, and comprises approximately half of the species and three quarters of the specimens collected (Appendix 1). Such high diversity of closely related genera and species within a single area may partly be maintained via niche differentiation to patchily distributed vegetation types. The result that this group correlated significantly only with Melastomataceae and Arecaceae but not with Burseraceae or pteridophytes remains unexplained. The small group of pseudoparasitoids of spiders was rather poorly represented in our data, but it also showed a near-significant matrix correlation with overall floristic similarity ( Table 1) . Gauld et al. (1998) observed in Costa Rica that the species of Zaglyptus are rarely collected, but may occur in quite large numbers in some localities. Thus, the pattern detected in our study, although based on a small sample, may be important (Appendix 1). However, it also needs to be taken into account that all spiders are predators. Herbivorous insects may be restricted to a certain habitat if they are specialized on a host plant that is specialized to that habitat. The distribution of spiders may be less affected by the distribution of plant species, because they are one trophic level further away from the defence chemicals of plants.
There is evidence that koinobiont parasitoids of spiders are specialized to attack mainly spiders of the families Araenidae and Tetragnathidae (Gauld 1991 (Gauld , 2000 Shaw 1994) . The relationship between koinobiont parasitoids of spiders and their hosts is clearly very specialized (Shaw 1994) , as it includes, for example, complex manipulation of host behaviour (Eberhard 2000) . The most abundant Araenidae species in Manu National park in southern Peru are usually not restricted to specialized forest types (Silva & Coddington 1996) , and therefore it seems that koinobiont parasitoids of spiders may find hosts from several different vegetation types. In addition, it is proposed that their host location is perhaps based mainly on cues emanating directly from the host's silk (Gauld 1991) , and therefore the structure of the vegetation may play a smaller role in their host searching.
Idiobiont parasitoids of deeply concealed hosts did not show matrix correlation with floristic distance either (Table 1 ). This may indicate that these parasitoids are not very sensitive to variation in forest habitat, but it may also be due to their scarcity in our material in spite of the year-long sampling (Appendix 1).
Biodiversity inventories
From the rapid biodiversity assessment point of view, it would be very interesting if species richness patterns of different groups of organisms would coincide. Unfortunately, most of the studies conducted so far have shown rather low congruence in species richness across different groups of organisms (e.g. Lawton et al. 1998) . However, insect species richness has been reported to correlate with plant species richness at different spatial scales (Prendergast et al. 1993 , Southwood et al. 1979 , although this relationship might be much more complicated than has been thought (Hawkins & Porter 2003) . Our results in an area with structurally and floristically clearly different rain-forest types were not unambiguous either. No correlation between ichneumonid and plant species richness was found with the original species count data, but when sampling effect was accounted for, a significant correlation emerged.
Studies comparing species composition patterns, rather than species richness, among different plant groups have given results consistent with the hypothesis of environmental heterogeneity driving species distribution patterns. In Amazonia, patterns in pteridophyte, tree, Melastomataceae and palm species compositions have been observed to be highly correlated and to reflect similarities in local edaphic conditions, even where the edaphic differences between sites are not as clear as in the present study (Ruokolainen & Tuomisto 1998 , Ruokolainen et al. 1997 , Tuomisto et al. 1995 , 2003a Vormisto et al. 2000) . These studies imply that different plant groups can be used as indicators of general floristic patterns. The present study extends these results. Floristic patterns seem to be predictive of faunistic patterns for some animal groups (e.g. idiobiont parasitoids of weakly concealed hosts) but not for others (e.g. koinobiont parasitoids of spiders). However, even when present, these relationships were not nearly as strong as those that have been found among different plant groups. Consequently, the present results lend only weak support to the idea of extending the indicator species approach from plants to animals.
